Purpose The purpose of this study is to perform a retrospective analysis of types and frequencies of chromosomal abnormalities detected by conventional cytogenetic studies in firsttrimester miscarriages after spontaneous conception and IVF. Methods Standard cytogenetic analysis of GTG-banded chromosomes obtained from products of conception (POCs): semi-direct and short-term cultured chorionic villi or longterm cultured fetal mesodermal cells. Results 50.1% of first-trimester miscarriages in the studied group had chromosomal abnormalities: 59.7% of trisomies, 22% of poliploidies, 7.5% of monosomies, 7% of unbalanced structural abnormalities, and 3.8% of multiple aneuploidies. An increase in the frequency of chromosomally abnormal miscarriages was observed in the group of women above 40 when compared to groups of women under 35 (P < 0.05). No difference in frequencies and types of chromosomal abnormalities in POCs of miscarriages after ICSI and spontaneous conception was observed. Conclusions Approximately, 50% of first-trimester miscarriages have chromosomal abnormalities which can be detected by conventional cytogenetic analysis. The presence of chromosomal abnormality may explain the cause of miscarriage, improving the reproductive counseling and planning.
Introduction
Miscarriage is defined as a spontaneous loss of clinically established intra-uterine pregnancy before the fetus has reached viability [1] . Early pregnancy loss occurs in 15% of all clinically recognized pregnancies. Among ethiopathogenic factors leading to miscarriage, chromosomal abnormalities are the most common, accounting for approximately 50% of firsttrimester fetal loss [1] [2] [3] . Cytogenetic analysis of products of conception (POCs) can be performed to identify the genetic cause of miscarriage, as well as to estimate the recurrence risk, providing valuable information for genetic counseling and reproductive planning [4] . Conventional cytogenetic studies of POCs have been performed since 1980s and are based on the analysis of GTG-banded metaphase chromosomes derived from mitotically active cells of chorionic villi or fetal mesenchymal cells [5] . However, this approach has obvious limitations due to a risk of culture failure, maternal cell contamination (MCC), suboptimal chromosome preparation, and limited resolution of approximately 20 Mb, which enables the identification of aneuploidies and large chromosomal abnormalities in POCs. A tremendous increase in the diagnostic potential has been achieved with the introduction of novel molecular techniques like array-based comparative genomic hybridization (aCGH) or next-generation sequencing (NGS) into diagnostic workflow of genetic laboratories. Both methods offer new opportunities for detection of subtle chromosomal abnormalities as well as mosaicism in POCs, neither of which can be diagnosed by conventional cytogenetic studies due to the limited number of cells available for the analysis and low banding resolution of the tissue-obtained chromosomes. When compared with standard karyotyping different platforms were shown to detect additionally from 3.8 to 13% of submicroscopic abnormalities and pathogenic copy number variations (CNVs) in miscarriages, diagnosed as normal by conventional cytogenetic studies [6] [7] [8] [9] [10] . However, despite high potential to improve genetic analysis and develop new knowledge of genetic causes of failure of early human development, microarray and NGS studies of miscarriages are still not widely used due to high cost, difficulties of CNV interpretation, inability to detect balanced rearrangements and limited ability for ploidy change detection of some microarray platforms [11] . However, since both methods enable the automatization and fastening of genetic testing of POCs, we believe they will be implemented into wide practice soon. By that time, a systematic monitoring of chromosomal abnormalities rates and types in POCs on large cohorts of patients from different centers should be performed to serve as a comparison. Therefore, we present here the results of conventional cytogenetic studies of 1000 samples of first-trimester POCs conducted in 9-year period.
Materials and methods
Retrospective analysis of cytogenetic studies of POCs delivered to cytogenetic laboratory of Clinic of Reproductive Medicine BNadiya^(Kyiv, Ukraine) from 2007 to 2015 was performed. Samples with no result due to inappropriate material collection, drug-assisted termination, or absence of dividing cells were excluded. A total of 1000 samples was assessed. The samples were obtained in cases of sonographically diagnosed missed abortions (934 samples) and blighted ovums (66 samples).
Gestational age varied from 4 to 12 weeks (mean 7.9 ± 2 weeks).
Karyotype of chorionic villi was assessed in 944 cases, fetal mesodermal cells-in 66 cases.
Patients were grouped according to the type of conception as follows: spontaneous conception (N = 631), assisted conception after intracytoplasmic sperm injection (ICSI) (N = 369).
Mean age of women in the studied group was 33.7 ± 5.6 years (from 18 to 49).
After pregnancy termination tissue samples were delivered to the laboratory as soon as possible. Chorionic villi were selected by trained laboratory staff, were separated from maternal decidua and blood clots, and were divided into two parts. One part was used for the Bdirect^chromosomal preparations, based on high mitotic activity of trophoblast cells, as described elsewhere [12] ; another part was cultured for 16 h in BioAmf-2 culture medium (Biological Industries, Israel) and preparations were done according to the same method. At least five metaphase spreads were analyzed from both parts. In cases when fetal tissue samples were available, mesodermal cells were digested by 125 U/ml collagenase type I (Sigma, USA) for 30-60 min and cultured in Bioamf-2 culture medium (Biological Industries, Israel) for 10-14 days. Fixation and slide preparation were performed as described by Rooney et al. with slight modifications [13] . Χ 2 -test and Fisher's exact test were applied to compare the frequency of chromosomal abnormalities in different groups of patients and samples of different gestational ages. P < 0.05 was considered statistically significant.
Results
As a result of conventional cytogenetic analysis of 1000 POCs samples 501 cases (50.1%) with chromosomal abnormalities were identified. The detected chromosomal abnormalities included 59.7% of trisomies, 22% of poliploidies, 7.5% of monosomies, 7% of unbalanced structural abnormalities, and 3.8% of double aneuploidies (Fig. 1) .
Autosomal trisomies constituted 81.5% (N = 290) of detected aneuploidies, sex chromosome aneuploidies − 11.5% (N = 41), double aneuploidies -5.3% (N = 19), and partial trisomies, presented by additional marker chromosomes, − 1.7% (N = 6). The most common autosomal trisomies were trisomies of chromosomes 16, 21, 22, 13, 15, and 18. The distribution of aneuploidies of separate autosomes is presented in Fig. 2 .
Almost all chromosomes except chromosome 11 are presented in Sex chromosome aneuploidies were presented by karyotype 45,X in 38 cases (10.7% of all aneuploidies). Other sex chromosome aneuploidies included polysomy of chromosome X (from 2 to 5 copies) (0.8% of all aneuploidies). Double aneuploidies were observed in 19 cases. Clinical data on double aneuploidies are presented in Table 1 .
Polyploidy was detected in 110 cases (22% of all chromosomal abnormalities); triploidy in 67.3% of cases, tetraploidy-in 9.1%, near-triploidy-in 13.6%, near-tetraploidy-in 9.1%, near-pentaploidy-in 0.9% of cases.
Mosaic karyotypes were observed in 61 cases (6.1%). Structural chromosomal abnormalities constituted 7% of all detected abnormalities and included large deletions (N = 15), additional material of unknown origin (N = 9), duplications (N = 4), unidentified derivative chromosomes (N = 6), and isochromosome (N = 1).
As presented in Table 2 , no difference in frequencies and types of chromosomal abnormalities in POCs of miscarriages after ICSI and spontaneous conception was observed.
Results of incidence of chromosomal abnormalities in different age groups are summarized in Table 3 . An increase in the frequency of chromosomally abnormal miscarriages was observed in the group of women above 40 when compared to groups of women under 35 (intergroup comparison was performed) (P < 0.05) ( Table 2) .
No difference in types of chromosomal abnormalities in POCs of women of different age groups was observed (Table 3) .
A tendency towards increase of frequency of simple aneuploidies as well as double aneuploidies when compared to other types of chromosomal abnormalities in POCs with increase of maternal age was also observed.
The abnormality rate detected in chorionic villi samples (N = 934, mean gestational age 7.6 ± 1 weeks) was higher than in fetal fibroblasts samples (N = 66, mean gestational age 11.6 ± 1 weeks)-51.6 vs 28.8% (P = 0.01). It should be mentioned, however, that on 11th week of gestation 66 (48.9%) out of 135 studied samples were fetal fibroblasts.
A weak negative correlation (r = − 0.18) between frequency of chromosomal abnormalities and gestational age of POCs was observed.
The female to male ratio in the studied cohort was 1.14.
Discussion
Results of genetic testing of POCs provide valuable information for reproductive counseling by either explaining the reason of reproductive loss in cases when chromosomal abnormalities are detected or encouraging the search for other etiologies in cases with normal karyotype. Moreover, unbalanced variants of familial chromosomal abnormalities can be revealed, warranting cytogenetic analysis of a couple. Despite its limited resolution, high labor-intensiveness, inability to process formalin-preserved samples, and risk of no result due to the culture failure or MCC, standard karyotyping still remains the most widely used method for chromosomal analysis of POCs. It reveals mainly large chromosomal abnormalities, which are common in miscarriages. Our data on retrospective analysis of 1000 samples of POCs studied by conventional cytogenetics in 9-year period shows that 50.1% of POCs harbor chromosomal abnormalities, which can be detected by conventional cytogenetic techniques. The observed frequency is higher than previously reported by Doria et al. [24] . Such differences in frequencies of chromosomal abnormalities detected by conventional cytogenetics in POCs studied by different groups can be explained by two main factors-group characteristics (age-maternal and gestational) and laboratory protocol used. Higher frequencies of chromosomal abnormalities in some groups might be due to increased maternal age in these groups, since a correlation between advanced maternal age and increased frequency of chromosomal abnormalities in oocytes, preimplantation embryos, and POCs is well established [15, 20, 25, 26] . Laboratory protocol, e.g., longterm or short-term culture, timing to delivery and culture initiation, chorionic villi separation technique, MCC testing, material analyzed (chorionic villi or fetal mesoderm), metaphase quality requirements, and others can also influence the frequency of chromosomal abnormalities detection in POCs. For example, Menasha and colleagues reported an increase in the detection of chromosomal abnormalities in POCs after [20] . It should be noted that MCC is probably the most common laboratory factor leading to decrease in abnormality rate detection in POCs due to an over-reporting of normal female karyotype. False-negative results due to MCC have been described to range from 2.9 to 89.7% [27, 28] . To reduce the risk of MCC, we used semi-direct chromosome preparation method combined with short-term (16 h) culture of chorionic villi separated by trained staff to decrease the probability of maternal decidua selection and prevent potential overgrowth of decidua and maternal cells in long-term culture to avoid MCC. Moreover, the female to male ratio in the studied cohort of POCs was monitored and it constituted 1.14 and did not differ significantly from expected 1:1, indicating that the risk of MCC in the studied cohort was minimized and our results (50.1% of chromosomally abnormal POCs) mirror the approximate frequency of chromosomal abnormalities in first-trimester POCs studied by conventional cytogenetics. Moreover, recent studies on POCs performed by more sensitive methods (SNP and array CGH) showed approximately same results: clinically significant chromosomal abnormalities were identified in 53-55% of pregnancy losses [10, 27] . The spectrum of detected chromosomal abnormalities in the studied group was presented by numerical chromosomal abnormalities (including double aneuploidies) in 71% of cases, ploidy changes-in 22% of cases and unbalanced structural abnormalities-in 7% of cases. As expected, autosomal aneuploidies were the most common abnormalities accounting for 81.5% of detected anomalies in POCs. As previously described [10, 17, 20, 23] , chromosome 16 trisomy was the most frequent and constituted 18.3% of all trisomies and 10.6% of all abnormal cases. Interestingly, it has been shown recently that levels of chromosome 16 nondisjunction in paternal meiosis might have similar relative influence on fetal aneuploidy when compared to nondisjunction rates in maternal meiosis [29] .
Other most common trisomies in POCs included trisomies of chromosomes 21, 22, 13, 15, and 18 (incidence is reflected by the order). Most of these are described as the most frequent both in preimplantation embryos at blastocyst stage and POCs [21, 30, 31] . Most common viable autosomal trisomies (chromosomes 13, 18, 21) comprised 33.4% of all autosomal trisomies detected in POCs. As previously reported [2, 23] , trisomy of chromosome 11 was not observed in the studied group, though it has been rarely described in some studies [20, 21] . Rarity of chromosome 11 trisomy in POCs can be explained by both low frequency of chromosome 11 meiotic non-disjunction when compared to chromosomes from other groups [32] and possible early termination of pregnancies with such trisomies due to severe genetic imbalance caused by high gene density of chromosome 11 [33] .
The overall frequency of chromosome X monosomy was 7.5%. Such an incidence appears to be fairly constant in different studies from different groups [2, 10, 20] , which can be explained by the fact that risk of monosomy X is not influenced by age [34] .
Since standard cytogenetic analysis has limited ability to detect mosaicism due to a limited number of cell that are analyzed (above 10 in this study), the observed level of mosaicism (6.1%) does not necessary reflect the true level of mosaicism in POCs. Consequently, studies performed by more sensitive methods are needed to detect it.
The abnormality rate was higher when chorionic villi were used as the object of cytogenetic analysis (N = 934, mean gestational age 7.6 ± 1 weeks) when compared to cases with f e t a l m e s o d e r m (N = 6 6, m ea n g es t a t i on al a ge 11.6 ± 1 weeks)-51.6 vs 28.8% (p = 0.01). An observed weak negative correlation between frequency of chromosomal abnormalities and gestational age of POCs can explain this finding. For example, at 11th week of gestation only 38.6% of POCs had chromosomal abnormalities (vs 46.7 to 55.5% at 4th to 10th week). Such a decrease in frequency of chromosomally abnormal POCs at 11th week of gestation can be explained mainly by termination of a main fraction of chromosomally abnormal pregnancies by this period, as well as by decreased risk of confined placental mosaicism in cases when fetal fibroblasts were studied.
An increased frequency of chromosomally abnormal miscarriages was observed in the group of women above 40 when compared to groups of women under 35 (P < 0.05), reflecting a well-established phenomenon of increased risk of aneuploidy with advanced maternal age [25, 26, 35, 36] . A tendency towards maternal age increase in cases of double aneuploidies in POCs was also detected (mean age 39.1 ± 3.7 vs 33.7 ± 5.6 years in general group); however, a statistical significance was not reached. Still, there was at least a doublefold increase of double aneuploidy rate in POCs of women above 40, when compared to other age groups (8.3% vs 1.8-4.3%). The origin of nondisjunction in double aneuploidy cases was not analyzed in our study, but several studies have shown that maternal chromosome nondisjunction is the predominant cause of double aneuploidies [37, 38] .
When frequencies of different types of chromosomal abnormalities in POCs from natural conceptions and conceptions after ICSI were compared, no statistically significant differences were observed. Interestingly, a tendency towards an increase in frequency of polyploidy in the group of miscarriages after natural conception was observed when compared to the group of miscarriages after ICSI (26.5% vs 14.7%; P = 0.066). This finding could be correlated to gamete and embryo selection in IVF programs that possibly leads to the [39, 40] or post-zygotic nondisjunction due to embryo culture in vitro and others. Therefore, our finding of a tendency towards increase of polyploidy in the group of miscarriages after natural conception needs to be further investigated by appropriately designed studies.
Conclusions
The retrospective analysis of spectrum and incidence of chromosomal abnormalities in POCs has shown that approximately 50% of miscarriages harbor chromosomal abnormalities which can be detected by conventional cytogenetic studies.
Our results highlight the importance of cytogenetic analysis of products of conception. The presence of chromosomal abnormality may explain the cause of miscarriage, improving the reproductive counseling and planning.
